GLYCOGEN-STORAGE DISEASE of the myocardium is a rare hereditary error of carbohydrate metabolism in which excessive quantities of the carbohydrate accumulate in the heart muscle and other tissues. In 1950 di Sant'Agnese et al.1 reviewed the literature and accepted only 14 cases that fulfilled their criteria for diagnosis of the disease. Since then 39 more well-documented cases have been reported. This paper presents an infant with histochemical and biochemical proof of glycogen-storage disease of the myoeardium, who manifested the clinical and hemodynamic picture of left ventricular outlet obstruction due to severe myocardial hypertrophy.
The concept of obstruction to left ventricular outflow due to contraction of hypertrophied myocardium was first described bv Brock in 1957.2 Various designations for this entity include: acquired aortic subvalvular stenosis,2 pseudoaortic stenosis,3 functional aortic stenosis,4 familial muscular subaortic stenosis,5 idiopathic hypertrophic subaortic stenosis,6 and obstructive cardiomyopathy. 7 The etiology of the myocardial hypertrophy has been undetermined, although a familial incidence in several patients has been noteworthy. 3 [5] [6] [7] The present case represents one of the few instances of left ventricular outlet obstruction in which the etiology of the myoeardial hypertrophy has been proved. In addition, this is the first patient with glycogenstorage disease of the myocardium shown to Supported by grants from the National Heart Institute (H-3918), U. S. Public Health Service, and the New York Heart Association. 96 have functional and anatomic muscular subaortic stenosis.
Case Report S. K. was born out of wedlock on September 29, 1959 , to a 37-year-old white mother. No prenatal or family history is available. When he was adopted at 5 weeks of age, he had gained to 2,500 Gm. from a birth weight of 1,873 Gm. He fed slowly, wheezed, and perspired excessively during feedings. At 2 months physical examination was reported to be normal; fluoroscopy revealed an enlarged thymus. At 6 months he began to have episodes of rapid, wheezing respirations, diagnosed as "asthma," and he became hypoactive and listless. Although he had been able to sit with support, he gradually became too weak to do so. At 8 months he developed respiratory distress, fever, lethargy, and anorexia. He did not improve after antibiotic and steroid therapy given for "asthma." When respiratory distress increased and tachyeardia and hepatomegaly were noted, he was admitted to a hospital. A roentgenogram revealed an enlarged heart, and the electrocardiogram showed left ventricular hypertrophy and upright T waves. After digitalization a heart murmur was heard for the first time. Because he failed to improve, he was transferred to The New York Hospital for further evaluation on July 8, 1960 , at 9 months of age. Physieal Examination. Weight 7,080 Gm., temperature 40 C., pulse 160 per minute, respiration 60 per minute, blood pressure 90/50 mm. Hg in the armis and 110/60 mmii. Hg in the legs. He was pale, lethargic, hypoactive, and in moderate respiratory distress with retraction of the lower intercostal spaces. The left precordiunm bulged slightly. The heart was enlarged to the anterior axillary line in the sixth intercostal space. A systolic thrill was felt in the suprasternal notch and in the second intercostal space along the right sternal border. A harsh, ejection-type, systolic murmur was heard at the base of the heart, equally well both to the right and to the left of the sternum, and at the left lower sternal border. It was heard faintly over the neck vessels and the lung fields posteriorly. Diastole was clear except for a gallop Circulation, Volume XXV, January 1962 Figure 1 Posteroanterior, left anterior oblique, and right lateral roentgenograms of chest. Note cardiac enlargementt with greater left than right ventricular enlargementt and with slight left and right atrial enlargement. There is nio poststenotic cdilatation of ascending aorta. rhyliytll at the apex. The second sound x'was of iioimal intensity and was greater in the second left interspace than in the right. The lung-s were clear. The liver edge extended 3 ciia. below the costal margin. There was no eyanosis, clubbing, or edemia of the extremiiities. Only rare spontaneous imiovemiients uvere noted, and he wvas unable to raise his head. MNuscles wvere hvpotonic and deep tenidon reflexes wvere hvpoactive. The tongue was not unusual. Laboratory Data. Cardiac fluoroscopy and roentgenograms of the chest ( fig. 1 ) revealed a mnarkedly enlarged heart which filled much of the left thorax. The enlargement was chiefly left ventricular and left atrial although there wvas soimie enlargement of the right ventricle and atrium. The aorta was not dilated. There was venous econgestion of the lung fields.
The electrocardiogram ( fig. 2 ) was essentially unchanged from the pre-digitalization tracing. It was recorded at 0.5 standardization because of the high voltage of the QRS complexes. The P-R interval was short (0.07 second) and the QRS duration was 0.07 second. P waves were broad and notched in lead aVL and were high and peaked in lead IT. Slurring of the upstroke of the R wave or a delta wave was present in all leads. T waves were positive in V3R to V6 and in leads I, II The initial impression was that the child had soine formii of primary miiyocardial disease such as glvcogen-storage disease or possibly endocardial fibroelastosis. The location and character of the aortic miiur-mur and thrill suggested the possibility of congTenital aortic valvular or subvalvular stenosis or of left ventricular outflow obstruction secondary to muscular hypertrophy. Treatment consisted of digoxin, oxygen, a lowsalt fonnula and antibiotics. As soon as he became afebrile and congestive heart failure was controlled, additional studies were carried out.
To determine the presence of glvcogen in skeletal muscle, a muscle biopsy was obtained from the left calf. Part of the speciml-en was placed immediately in absolute alcohol, part in 10 per cent formalin, and the remainder was frozen. Histologic examination revealed fragmentation and vacuolization of myofibers. Histocheniical studies, including Best's carmine stain and the periodic acid-Schiff stain, however, were inconclusive for the presence of glycogen.
Right heart catheterization (table 1) was performed on July 18, 1960. The femoral arterial tracing showed a wide pulse pressure but was otherwise normal. It did not show the alterations characteristic of nortic valvular stenosis or a pulsus bisferiens like that seen in subvalvular aortic stenosis of the muscular hypertrophy type ( fig. 4 ) .56, x There was slight pulmiionary arterial hypertension. It was thought that the peripheral arterial oxyhenmoglobin unsaturation to 86.1 per cent might be related to heart failure and inadequate pulmonary ventilation. No left-to-right shunt was identified, since the oxygen content was the same in the pulmonary arterial and vena caval samples which were taken sequentially.
Further to evaluate the suggested aortic stenosis, simultaneous pressure tracings were obtained on Just pr-ior to peak systole, however, left ventricular pressur-e continued to rise steeply. reaching a pea,k 0.05 to 0.06 second after fenmoral1 airter,ial peak s-y-.tole, wh-ille airterial pressure fell oft shar11ply after peak systole ( fig. 4 ). The relation of thle gr1adient to the tonie course of ventricular--svstolc. indica-ted that thie steniosis was not fixed, The concept of obstruction to ventricular ejection due to severe myocardial hypertropby has been established in the last 6 years. It has been demonstrated that patients with severe stenosis of the pulmoniic valve may have marked narrowingf of the right ventricutlar outflow tract as a result of right ventricular hypertrophy. [13] [14] [15] Similarly, in patients with a fixed aortic stenosis, left ventricular outlet obstruction may develop owingr to great thickness of the myocardium. This type of deformity may not be apparent until after operative relief of valvular stenosis, when a subralvular gradient is demonstrated. Such gradients have been shown to disappear. Engle and co-workers15 as well as Johnson'" have reported regression of a temporarily maintained obstruction to the right ventricular outflow tract after valvotomy for pulmonic stenosis. Morrow and Braunwald4 reported the regression of a transiently persistent gradient between the left ventricle and aorta, which was demonstrated 3 weeks after removal of a snibvalvnlar fibrous ring but was no longer present 18 months postoperatively.
Unlike the above group of patients in whom muscular hypertrophy accompanies severe piulmonic or aortic stenosis, there is another group in whom obstruction to outflow from the left ventricle is due solely to tremendous myocardial hypertrophy.2 8 In these cases there has been no associated deformity of the aortie valve nor a fixed subvalvular or supra- in which necropsy has beeni performed has the histologic picture been suggestive of glvcogen-storage disease and the age of these patients has been greater than that of patients with cardiac glycogen-storage disease. Muscular subaortic stenosis and fixed valvular or subvalvular stenosis may be difficult to differentiate. Several suggestive features of muscular subaortic stenosis have been pointe(l out,3-8 such as the presence of the thrill a-nd murnmur mtaximnal at the left lower sternal border and the apex rather than at the base of the heart, a positive family history, and the absenoe of aortic insufficiency and of poststenotic dilatationi of th-e aorta. More valuable is the angiocardiographic demonstration after introduction of contrast medium into the left ventricle of contractile narrowing and dilatation of the outflow tract. 6 Of diagnostic value in certain cases of the muscular type of obstruction has been the arterial pressure tracing. Brachfeld and Gorlins first described a bisferiens type of brachial arterial pulse with an early arrival of the perecussion wave in patients proved to have muscular subaortic stenosis. Subsequently Brent et al.5 noted a bisferiens central aortic pulse with a short systolic upstroke duration and wide pulse pressure in one pa-Circuilation, Volumte XXV, January 1962 Figure 4 Nimultaneanos left ventricular atnd femnoral arterial pressure tracings. At the right the two pressuire tracings hare been superimposed to show absence of a, left ventricular-arterial gradient during the upstroke of the pressure curves. Just prior to pealk systole, left venticular pressure continued to rise steeply aind reatched a pealk 0.0.5 to 0.0(5 second a fter the femoral arterial peak systole.
Femoral arteriall pressure fell off sharply after peak systole, accounting for the wide pulse pres- tient with this condition. The normal systolic upstroke duration in these tracings probably can be attributed to ejection of blood in earlv systole before contraction of the left ventricle caused a functional, mechanical obstruietion. leading to a sharp fall-off in pressure in midsystole. Morrow and Brauniwald4' 6 studied 1.4 patients and reported a similar type of arterial pressure tracing in some. Together with Brockenbrough'8 they have described another diagniostic hemodynamic finding in patients who demonstrate ventricular premature contractions during left ventricular eatheterization. In 12 patients with muscular subaortic stenosis, the arterial pulse pressure in the beat following a premature contraction was shown to vary inversely with left ventricular systolic pressure and with the duration of diastole; whereas in 75 patients with a fixed aortic or subaortic stenosis, the arterial pulse pressure varied directly with left ventricular systolic pressure and with the duration of diastole. [af ouri-j)atieiit the femnior-al arterial pr'esstlr( tracingn by itself (lid not permnit a diagnosis of aortic-stenosis, siiice it showed nloie of thle features genierally associated, at least ill adults, with severe aortie stenosis. It is of intrcest ini this regard that Ongley et al.1" re)orted a series of 67 infa-n-ts anid elilidreii viths aortie steniosis ii whlom they did not attempt to dlistinguish thle valvular from the snbvalvular forims. Somne of these patients showed n 1ormiial brachil arterial pressure trac-ings without (delayvin upstroke timi-ie or anl)ornial notchiniig. despite the preseince of a sigllificant systolic pressure gradient between the left venitriele and the brachial artery. In the present ease, analysis of the simlnltanieously :recorde(d femnoral arterial and left ventricular pressure tracings did prove helpful in predicting that the type of obstruetion that caused the 158 mm. Mr systolic pressure ,gradient betweeni the left v-entricle and the femoral artery was subaortic muscular hypertrophy. The tracings indicated that during early systole little or no resistance to left venitricular outflow was present, but with i)rogressive contractioil a marked obstruction dleveloped, which virtually shut off outflow Thle specific metabolic error in. tardiae glyeogen-storage dlisease lhas not been dlefined. Iii the few reported instances wvherein the struehire of glycogen has been analyzed and de tailed enzyme studlies have beeni )erformed. the glvcogen structurie wts nior-imal, as adjudged by end-group abundance, average Circulation. Volume XXV, Juner,r 196;2 *The studies performed on this patient were done was normal but a phosphorylase determination permission was not granted. oIn a biopsy specinmen; the glucosidase was not made. The patient died aind autopsy chain length, per cent degradation by phosphorylase, and the average number of residues in both inner and outer chains.26 31, 34 Glucose-6-phosphatase was present in normal quantities in the liver,26 [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] and no significant depression of phosphorylase activity was demonstrable in cardiac muscle. 31 34 In no instance has there been detectable accumulation of intermediary products of metabolism or excessive combustion of fat. Ability to generate blood glucose from liver glycogen in response to epinephrine has been normal.
Pathologically the disease is characte-rized by enormous hypertrophy of the heart secondary to massive deposition of glycogen in the myofibers. Microscopically the entire mvocardium has a lacework appearanec due to swelling and vacuolization so severe that only the nuclei and a small rim of cytoplasm remain. In addition, extensive deposition of glycogen may occur in other tissues. Organomegaly other than cardiac is not usual except for moderate hepatomegaly, which may in part be due to congestive heart failure. Best's carmine stain or periodic acid-Schiff stain with diastase digestion demonstrates histochemically the presence of glycogen. Aliquots Circulation, Volume XXV, January 1962 of tissue should be frozen as soon as possible post mortem for analyses of percentage of glycogen, the structure of the glycogen, and determination of enzyme defects. The 54 well-documented cases of glycogenstorage disease of the myocardium that have been reported are summarized in table 5. The first 14 cases22' 23, 35-50 are those accepted by di Sant 'Agnese and his co-workers in their review of the literature in 1950.1 All cases included fulfill three of their four requirements: (1) marked enlargement of the heart, (2) typical "lacework" appearance of histologic sections of the myocardium, and (3) chemical or histochemical demonstration of glycogen as the material causing infiltration of the myocardial fibers. The fourth criterion, death within the first year of life, has not been adhered to, since three survived beyond this age. 56, 64 In 1959 di Sant'Agnese modified these criteria to require the demonstration of a normal structure of the deposited glycogen as well as preserved glycogenolysis in liver and striated muscle.26 Thus cases of "limit dextrinosis" (type III in table 4), characterized by deposition of glycogen of abnormal structure 21 13 longer thani 1 year. the oldest being 34 miionths at death.64 The m-ost common symptoms and signs are shown in table 6.
A systolic heart inurmur was described in 24, but there were too few details about the murmur or heart sounds for analysis. All 40 who had chest x-rays showed cardiac enlargemeut, usually of marked degree.
An electrocardiograin was reproduced oni 15 patients (table 5) . To these we added electrocardiograms of six cases of cardiac glycogen-storage disease. four of them published without complete details by Miller,67 Lambert, 68 and Taussig71 and two fromn the records of The New York Hospital. Our analvsis of these records is s-utmarized in figure  7 . Characteristically there was a short P-R interval, high voltage of QRS and T, anld left ventricular hypertrophv. The transitional zone in precordial leads was displaced to the right. It is of interest that while the T waves in the first reported eases were deeply inverted in leads I and IT, in association with depression of the S-T segments, several of the more recently observed cases showed upright T waves in these leads and in the left precordial leads from V3 to V6. That the abnormalities progress as the baby grows was suggested by serial records of three cases.30a,8 70 The short P-R interval, 0.05 to 0.09 second, was a striking, constant feature and is more difficult to understand than are the changes related to myocardial hypertrophy and "strain" or myocardial damage. This finding would appear to distinguish patients with cardiac gly- The antemortem diagnosis should be suggested by the symptoms and signs summarized above, and especially by the electrocardiogram. Since there is diffuse glycogenosis in this condition, di Sant 'Agnese suggested a biopsy of skeletal muscle to search for excessive glycogen and accompanying muscular degeneration.26 If an adequate specimen is obtained and properly stained,3'33 such a demonstration is strong evidence for the diagnosis of cardiac glycogen-storage disease. Comment Analysis of 54 well-documented eases of cardiac glycogen-storage disease showed that the diagnosis should be suspected in an infant with marked cardiac enlargement, predominantly left-sided, and with symptoms of muscular weakness or cardiac failure. The electrocardiographic finding of a short P-R interval, together with high voltage of QRS and T, and with left ventricular hypertrophy distinguishes these infants from those with left ventricular hypertrophy due to other causes. Demlonstration in a skeletal muscle biopsy of excessive glycogen and accompanying muscle degeneration confirms the diagnosis. At postmortem examination the excessive glycogen is of normal structure and is stored chiefly in the heart but also diffusely throuhl all tissues.
It seems reasonable to believe that in other patients as well as in the present one, the massive left ventricular hypertrophy characteristic of cardiac glycogen-storage disease has caused encroachment upon the left ventricular outflow tract. Possibly the development of surgical technies6" 7 to relieve this muscular obstruction may be palliative in some of these infants, but therapy for cardiac glycogenstorage disease will ultimately rest oni clarification and then appropriate modification of the metabolic abnormality causing the excessive deposition of glycogen in the heart and other tissues. Summary A case of glycogen-storage disease of the mnyocardium with the clinical and hemody-Circulation, Volume XXV, January 1962 niamic picture of left ventricular outlet obstruction was presented. The concept of muscular subaortic stenosis is discussed and the diagnostic features are reviewed.
In a survey of the literature 53 cases of cardiac-type glycogen-storage disease were found. The criteria for diagnosis, sex incidence, familial occurrence, symptomatology and physical signs, and laboratory studies including roentgenograms of the chest, electrocardiogram and musele biopsy are discussed.
